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Abstract
 .  .Optically detected magnetic resonance ODMR of P700 triplet state has been performed in large photosystem I PSI
particles. The ‘intactness’ of the P700 environment in the PSI particles has been proved by the comparison of the spectra
with those obtained in thylakoids and leaves. Effect of degradation of the samples on the spectra has also been tested. When
 .detected in ‘native’ PSI centers the microwaves induced triplet-minus-singlet absorption spectra TyS show very sharp
features which allow to estimate the minimum number of bands involved in the change of the electronic state of the primary
 .donor singlet to triplet , and can be interpreted in terms of interactions among pigments in the reaction center. The analogy
with the reaction centers of purple bacteria is discussed. The previously published spectra H.J. den Blanken, A.J. Hoff,
 .  . .Biochim. Biophys. Acta 724 1983 52–61; J. Vrieze, P. Gast, A.J. Hoff, J. Phys. Chem. 100 1996 9960–9967 obtained
in particles having smaller antenna size, resemble the ones obtained in our degraded samples: it is suggested that the
isolation procedure to small particles may produce an increase in the heterogeneity of the environment of the primary donor
andror a change of the mutual orientations and interactions among pigments. The fluorescence detected magnetic resonance
 . FDMR in large PSI particles supports an excitation energy transfer model derived from time resolved optical studies R.
 . .Van Grondelle, J.P. Dekker, T. Gillbro, V. Sundstrom, Biochim. Biophys. Acta 1187 1994 1–65 and adapted for helium
temperature, characterized by the presence of antenna pools emitting at 690, 720 and 735 nm, respectively. The FDMR
 .signal of P700 changes sign from positive to negative when detected at emission wavelength shorter than 700 nm.
Comparison of FDMR of P700 triplet state in large PSI-200 particles, in thylakoids and, for the first time, in leaves has been
done. q 1997 Elsevier Science B.V.
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Abbreviations: ODMR, optically detected magnetic resonance; FDMR, fluorescence detected magnetic resonance; ADMR, absorption
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P700, primary donor of PSI; P680, primary donor of PSII; SDS, sodium dodecyl sulphate; LDS, lithium dodecyl sulphate
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1. Introduction
The primary photochemistry of the reaction center
 .of photosystem I PSI in oxygen evolving systems,
involves as electron transfer components, a chloro-
phyll primary electron donor P700, likely a dimer, a
chlorophyll primary electron acceptor A , a phyllo-0
quinone intermediate electron acceptor A , and three1
w xiron–sulfur centers, F , F and F 1 . According toX A B
current understanding, a singlet exciton migrates from
excited antenna chlorophylls to the reaction center,
bringing about charge separation between P700 and
A . The electron is then transferred through the0
intermediate acceptor to the terminal acceptors F , FX A
w xand F 2 .B
When the electron transfer from P700 to secondary
acceptors is inactivated, charge recombination to the
molecular triplet state of P700 from the P700qAy0
w xradical pair state may occur 3–5 .
It is well known that the interactions among pig-
ments in the reaction centers give rise to specific
 .triplet minus singlet TyS spectra when the pri-
mary donors change from singlet ground state to the
triplet state. Shifts and oscillator strength changes in
the absorption bands of neighbouring pigments have
been reported in several works on bacterial and plant
w xreaction centers 6–10 and have been interpreted in
terms of reaction center structures. Since the interac-
tions among pigments are very sensitive to the use of
detergent or to the degradation of the samples it is
very important to verify the intactness of the object
under study.
 .Optically Detected Magnetic Resonance ODMR ,
in zero field allows accurate measurement of low-
temperature TyS spectra. This method, called ab-
 .sorption detected magnetic resonance ADMR ,
makes use of the paramagnetism of the triplet state to
modulate its concentration by amplitude modulated
microwaves resonant field. Due to the anisotropy of
the sublevel triplet decay rates to the ground state, the
microwave transitions between a couple of triplet
sublevels induce a change in the steady state triplet
and singlet populations, that can be detected as a
change on the absorption of the sample. As a de-
creaserincrease of the triplet population corresponds
to an increaserdecrease of the ground state singlet
population, by setting the microwaves frequency at a
resonant frequency and scanning the detection wave-
 .length a TyS or SyT spectrum can be recorded.
We have demonstrated that ODMR allows the
investigation of magnetic properties of primary elec-
tron donors triplet state even in large intact particles
 .of photosystem II PSII of plants. The TyS spectra
of P680 obtained in photoreduced large PSII particles
show highly resolved features which are not de-
w xtectable in isolated reaction centers 10 . Recently
other authors have agreed that removal of the core
antenna causes structural changes of the reaction
w xcenters 11,12 .
In the case of PSI of plants, preparations having
different antenna size can be obtained. However, as
the core antenna molecules and the reaction center
are bound by the same protein, the reaction center
cannot be completely isolated. A large number of
 .electron spin resonance EPR experiments on P700
triplet state have been reported in the past, the proce-
 .dures to populate the recombination triplet being 1
the pre-reduction of particles by dithionite followed
w x by illumination under freezing 3,5 or at 200 K
w x.  .13 , 2 the inactivation of iron–sulphur centers by
w x  .LDS or SDS treatment 13,14 , 3 extraction of A1
w x15 . Almost all these experiments have been per-
formed on small core particles having antenna size
ranging from 40 to 100 chlorophyllrP700 and, at
very low temperature, a variability of the triplet yield,
depending on the reduction states of secondary accep-
w xtors, has been reported 3–5 .
The microwaves induced triplet-minus-singlet T
.yS spectra of P700 triplet state obtained in LDS
 . particles 40 ChlsrP700 and in Triton particles 100
. w xChlsrP700 by den Blanken and Hoff 9 show fea-
tures which depend on the preparation and on ageing
of the samples. A new TyS spectrum of CP1–SDS
particles lacking the iron–sulphur centers and having
the electron transfer from P700 to the secondary
acceptor A inactivated by SDS, reported by Vrieze1
w x16 , shows even less resolved absorption bands.
ODMR can also be performed detecting the
changes in the steady-state fluorescence induced by
microwaves transitions between the triplet sublevels
  ..fluorescence detected magnetic resonance FDMR .
These transitions may be detected by observing the
fluorescence of the molecule itself, if it is a fluores-
cent species, or of other molecules connected to it via
energy transfer.
w xA FDMR study 17 of core protein PSI particles
 .CP1 , SDS treated, in polyacrylamide gel has been
done. The P700 triplet has been detected via antenna
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fluorescence at any wavelength within the fluores-
cence band; triplets of antenna chlorophyll have also
been detected giving contributions to the spectra at
wavelength shorter than 700 nm. The sign of FDMR
transitions of antenna triplets, formed by ISC, was
negative, corresponding to an increase of triplet popu-
lation induced by resonant microwave field.
w xRecent works by Setif and Bottin 18 have shown
that in pre-reduced particles, under illumination at
room temperature with very strong background light,
the electron transfer is blocked at the level of the
primary acceptor A , probably due to a double reduc-0
tion of the secondary acceptor, the phylloquinone A .1
The same inhibition can also be induced in the dark if
PSI is incubated at very low potential in the presence
w xof suitable mediators 19 .
Led by our previous results in PSII particles, we
report in this paper ADMR and FDMR spectroscopy
 .of ‘very intact’ particles of PSI PSI-200 having a
chlorophyll to P700 ratio of 200, using the procedure
of Setif et al. to populate the recombination triplet
state. TyS spectra have been detected by mi-
 .crowaves induced absorption MIA . For comparison
we investigated thylakoids and leaves also.
As in the case of P680 triplet in large particles,
new well resolved features appear in the TyS spec-
tra of P700 triplet when the ‘native’ environment is
conserved. We will discuss our new spectroscopic
data keeping into account structural information com-
˚ w xing from the 4 A X-ray structure of PSI 20 of
Synechococcus sp., recently published. This gives the
relative positions of the molecules in the electron
˚transfer chain: two chlorophylls having centers 7.5 A
˚apart and an interplanar distance of 4.0 A are tenta-
tively attributed to P700 dimer, other two molecules
in the vicinity of the dimer are possibly two acces-
sory chlorophylls analogous to the pair observed in
bacterial RC. A third pair of chlorophyll-a monomers
 .one or both presumably play the A role are located0
˚16 A above P700 with a center-to-center distance of
˚21 A. The A phylloquinone could not be identified1
in the electron density map. Farther in the electron
transfer chain F position seems to be located on theX
pseudo-C axis and it is followed by the F centers.2 A,B
Some uncertainty remains about the angle formed by
the optical transition moments of the two porphyrin
moieties of the dimer.
In addition FDMR results will be discussed in
terms of energy transfer among pigments in PSI
particles.
2. Materials and methods
PSI particles containing about 200 ChlrP700 PSI-
. w x200 were prepared according to Mullet et al. 21 in
a final concentration of 0.5–0.8 mg Chlrml. The
absorption and fluorescence spectra were the same as
those reported in the literature for the same kind of
preparation. As PSI-200 particles retain the peripheral
 .antenna LHCI the fluorescence maximum at low
temperature is 735 nm. Relative maxima, very weak
at low temperature but intense at room temperature,
are observed between 685 and 695 nm due to the bulk
antenna, while some chlorophylls of the core antenna
are known to give contribution to the emission at
720 nm. In all our PSI-200 preparations the
ChlarChlb ratio was ) 5.
The samples were poised at pH 10.5 with CAPS
 .buffer 50 mM and diluted to 180 mg Chlrml before
the addition of 20 mM dithionite under nitrogen.
 .Glycerol was added 66% vrv to avoid matrix
cracking under freezing and oxygen was removed
using a glucoserglucose oxidase system as described
w xin 22 . The samples were illuminated for a period of
5 min at room temperature with strong background
illumination by a 1000 W focalized lamp, filtered by
water and hot filters, under ventilation to avoid over-
heating of the samples, and then frozen in the cryo-
stat. After this treatment the iron–sulphur centers FA,B
w xare supposed to be in the reduced state 18 and most
of the A acceptors are doubly reduced. The fraction1
of reduced F centers was not under control, as theyX
are unstable in the reduced form at room temperature
and it took a few minutes after the strong background
illumination to freeze the samples in the cryostat.
Other experiments have been done on the reduced
PSI-200 particles, illuminating the sample in the
cryostat, with a 250 W focalized lamp, at 220 K for
15 min and then freezing the sample under illumina-
tion.
Degradation of the samples were carried out by
several freezing and thawing cycles of the same
sample and prolonged illumination, at every cycle, at
room temperature. Thylakoids were prepared accord-
w xing to Visser 23 . The final concentration was 1.5–
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1.8 mg Chlrml. The suspension medium was: 50 mM
Hepes–NaOH, 5 mM MgCl , 15 mM NaCl. Samples2
utilized for the ODMR experiments were diluted at a
concentration ranging from 180 to 700 mg Chlrml,
 .depending on the experiments. Glycerol 50% vrv
and glucoserglucose oxidase were added to the sam-
ples. When specified the samples were reduced by
dithionite and pre-illuminated as the PSI-200 parti-
cles, in which case photoinhibition occurs even in the
PSII reaction center with the double reduction and
w xinactivation of secondary acceptor Q 24 .a
Spinach leaves, chosen of small size to fit the
room inside the microwaves helix, were directly in-
troduced in the cryostat without any treatment. Only
FDMR experiments using front surface optical excita-
tion were possible.
w xThe FDMR apparatus was described in 25 . The
detection wavelength was selected by interference
filters in the range 680–760 nm bandwidths 10–
.15 nm . Double resonance experiments have been
performed with amplitude modulation, at 33 Hz, of
the fixed frequency. The ADMR apparatus, together
with the description of MIA experimental set-up, was
w xdescribed in 10 .
3. Results
3.1. PSI-200 particles
< < < < < < < <In Fig. 1 the D q E and D y E FDMR transi-
tions, due to an increase of the emission intensity at
740 nm when a change of triplet population is in-
duced by resonant microwaves, are shown both for
untreated samples and for samples which have been
reduced by dithionite and pre-illuminated by strong
background light before freezing. In the latter case
the yield of the triplet is found to increase, as ex-
w xpected for the recombination triplet 18 . The same
transitions have also been detected at shorter wave-
lengths but a decrease of emission is then observed
 .see Fig. 2: only treated samples . The reversal of
FDMR signals of P700 triplet depending on the
detection wavelength has already been discussed by
w xSearle et al. 17 in terms of singlet energy transfer.
In their model of CP1 particles, P700 triplet forms a
trap connected via singlet energy transfer to the inner
 .core antenna chlorophylls F690–695 and to low
 < < < < < < < <Fig. 1. FDMR spectra of PSI-200 particles D y E , left, D q E
.right . T : 1.8 K, mod. freq.: 33 Hz, microwave power: 20mW,
scan rate: 5 MHzrs, wavelength of detection 740nm. Lower
traces: untreated samples. Upper traces: samples reduced by
dithionite and pre-illuminated at room temperature with strong
< < < <  .white light for 5 min. Inset: D y E transitions at 1.8 K; a :
 .  .  .  .initial spectrum; b : B B B sample a after
 .  .  .30 min under illumination at 1.8 K; c : - - - sample b after
30 min in the dark at 50 K.
 .energy antenna sites F720 . Energy transfer between
high and low energy emitting antenna is also sup-
posed to take place. In this view the P700 triplet
FDMR transitions are expected to be positive when
detected at l ) 700 nm and to be negative when
detected at l - 700 nm. In our PSI-200 particles the
Fig. 2. FDMR spectra of PSI-200 particles reduced by dithionite
and pre-illuminated at room temperature with strong white light
 < < < < < < < < .for 5 min D y E , left, and D q E , right . T : 1.8 K, mod. freq.:
33 Hz, microwave power: 20 mW, scan rate: 5 MHzrs; wave-
lengths of detection indicated at: 740, 719, 701 and 690nm.
Measurements after prolonged illumination at 1.8 K.
( )D. Carbonera et al.rBiochimica et Biophysica Acta 1322 1997 115–128 119
Fig. 3. ADMR spectra of PSI-200 particles reduced by dithionite
and pre-illuminated at room temperature with strong white light
 < < < < < < < < .for 5 min D y E , left, and D q E , right . T : 1.8 K, mod. freq.:
33 Hz, microwave power: 20 mW, scan rate: 5 MHzrs; wave-
lengths of detection indicated at: 700, 685, 683nm. Continuous
traces: initial spectra; dashed traces: after prolonged illumination
at 1.8 K.
major light harvesting complex LHCI is present and
the maximum at 735 nm of the fluorescence spectrum
is due to emitting species located there. A more
complicated model of energy transfer is then neces-
sary to fully explain our FDMR experiments. Inspec-
< < < <tion of the lineshape of the D y E transition, at any
wavelength of detection within the fluorescence band,
shows the presence of two contributions to the line
intensity: one centred at about 718 MHz and the other
< < < <at about 733 MHz, while in the D q E transition,
the overlapping of contributions does not allow to
discern them clearly. Double resonance FDMR exper-
< < < <iments have been done exciting the D y E transi-
tion with one microwave frequency at 733 and then
at 718 MHz, while sweeping the microwaves in the
< < < <  .D q E region not shown : in this way it has been
possible to discern the two contributions even in the
< < < <  .D q E transition see Section 4 and correlate them
< < < <to the D y E transitions. It is interesting to note that
prolonged illumination by the measuring light at 1.7 K
makes the component at 733 MHz increase to some
extent and subsequent dark adaptation of the samples
in the cryostat at temperature ) 50 K, for a period of
tens of minutes, makes the same component decrease
 .inset of Fig. 1 . The cycle of increasing and decreas-
ing of the 733 MHz component, by light excitation
and dark adaptation, is very reproducible and can be
performed on the same sample many times. This
seems to indicate that the heterogeneity does not
come from damaged reaction center but is an intrinsic
property of the sample.
The same heterogeneity has been observed in the
ADMR transitions detecting the transmittance de-
crease in the Q bands of primary donor, centred aty
700 nm, when triplet transitions are induced by reso-
 .  .nant microwaves see Fig. 3 . Fig. 4 a displays the
triplet-minus-singlet spectra monitored with the mi-
crowave frequency set at the two relative maxima of
< < < <  .the triplet D y E ADMR transition 720, 733 MHz .
It is seen that the two spectra are very similar and
only small differences in the relative amplitude and
in the frequency maxima of the bands are present
see also the spectra of Fig. 3 taken at three signifi-
.cant wavelengths . This strongly indicates the same
primary donor nature of the molecules carrying the
triplet state, even though a slight difference in their
environment must be considered. Likely a charge
effect of neighbouring acceptors in different reduced
states could explain the observed differences in the
TyS spectra detected at 720 and 733 MHz.
Similar spectra have been obtained setting the
< < < <microwaves at the D q E frequency maximum
 .950 MHz , while no signals have been detected at
992 MHz, indicating that, as expected, no P680 triplet
Fig. 4. TyS spectra of PSI-200 particles, reduced by dithionite
 .and pre-illuminated at room temperature for 5 min, taken at a
 .  .  .  .733MHz - - - and 720MHz ; b 950MHz - - - and
 .992MHz . T : 1.8 K, mod. freq.: 33 Hz, microwave
power: 20 mW, scan rate: 0.1 nmrs. Optical resolution 1 nm.
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 .  .Fig. 5. FDMR spectra of PSI-200 particles. a :
sample reduced by dithionite and pre-illuminated at room temper-
 .  .  .ature for 5 min; b : B B B sample a after heating up to
300K and illuminated by strong background illumination for
 .  .  .5 min; c : - - - sample b after heating up to 300K again and
illuminated by strong background illumination for 15 min. Other
conditions as in Fig. 1.
contribution is present in these PSI preparation see
 ..Fig. 4 b .
The spectra shown in Fig. 4 show significant
differences when compared to the previously pub-
w xlished ones 9,16 , and seem to indicate the impor-
tance of bands until now overlooked or underesti-
mated. As it is important to verify the intactness of
the samples to give significance to the experimental
results, we have degraded on purpose the samples
and have taken the FDMR and the TyS spectra at
different steps of the degradation process. The data
are shown in Figs. 5 and 6. It clearly appears that
progressive shifts towards higher frequencies and
broadening of the FDMR transitions beside a broad-
ening of the bands and a loss of structure of the
TyS spectra take place.
3.2. Thylakoids and lea˝es
To investigate if the heterogeneity in the P700
triplet population is an intrinsic property of PSI or is
due to the preparation procedure of PSI-200 particles,
we tried ODMR spectroscopy of very intact photo-
systems I in thylakoids and in leaves. Some problems
arise, however, because of the presence of PSII in
these preparations. Under the conditions in which we
populate the P700 triplet state, that is the addition of
reductant dithionite and the strong background pre-il-
 .  .  .Fig. 6. TyS spectra of samples b dashed line and c
 . of Fig. 5, taken at 958 and 960MHz respectively.
Other conditions as in Fig. 4. For comparison the TyS spectrum
 .of Fig. 3, at 720MHz, is shown marks connected by line . Each
spectrum is normalized at the maximum of the bleaching at about
700nm. Optical resolution 1 nm.
lumination of the samples, we also induce the forma-
< < < <tion of P680 triplet state. The D y E FDMR transi-
tions of these triplets overlap a lot while distinct
< < < <frequency regions are spanned by the D q E transi-
 .tions see Fig. 7 . As it is expected from the ZFS
w x < < < <values of P680 triplet 10 , the D q E transition of
P680 is centred at 992 MHz. At 740 nm of detection
the contribution of PSII triplets to the FDMR spectra
is small, and it is mainly due to the small contribution
of LHCII fluorescence which extends at this wave-
length, and it is clearly seen that the two distinct
Fig. 7. FDMR spectra of thylakoids reduced by dithionite and
pre-illuminated at room temperature with strong white light for
 < < < < < < < < .5 min D y E , left, and D q E , right . T : 1.8 K, mod. freq.:
33 Hz, microwave power: 20 mW, scan rate: 5 MHzrs; wave-
lengths of detection indicated at: 741, 719, 701 and 690nm.
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transitions centred at 718 and 733 MHz, detected in
the PSI-200 particles, are present. Even though the
< < < <signals are weaker, the two components in the D y E
transition are more distinguishable in untreated sam-
 .ples and in leaves Fig. 8 because no detectable
contributions to the spectra coming from PSII triplets
are observed in untreated samples, as proved by the
< < < <absence of signals at 992 MHz in the D q E fre-
 .quency region not shown . Moreover their behaviour
in cycles of dark adaptation at temperature ) 50 K
and prolonged illumination at 1.7 K, was the same as
 .in PSI-200 particles not shown .
Fig. 9 shows the TyS spectrum of thylakoids
incubated with dithionite and pre-illuminated. The
 .microwave frequency 950 MHz was chosen in the
< < < <‘pure’ D q E transition, due to the presence of
< < < <P680 triplet in the D y E region. The spectrum is
less resolved than that taken in PS1-200 particles,
because the weakness of the signal entails low resolu-
 .tion 1.8 nm instead of 1 nm , and because in the
< < < <D q E transitions there is much overlapping of the
 < < < <site contributions in the D y E line the spread of
the FDMR transitions to which corresponds site se-
.lections in the absorption bands, is almost twice .
Indeed, when the spectrum of PSI-200 particles is
 .detected at low resolution 3 nm , the intensity of the
peaks at 682 and 685 nm is reduced of a factor of
two, because of the sharpness of the two opposite
bands. Moreover the scattering due to the presence of
< < < <  .Fig. 8. D y E FDMR transitions of thylakoids left and leaves
 .  .  .right at 1.8 K and 740nm. a : dashed lines samples after
 .  .  .30 min under illumination at 1.8 K; b : samples a
after 30 min in the dark at 50 K. Other experimental conditions as
in Fig. 1.
Fig. 9. TyS spectra of thylakoids reduced by dithionite and
pre-illuminated at room temperature for 5 min, taken at 950MHz
 .  .and 992MHz - - - . T : 1.8 K, mod. freq.: 33 Hz,
microwave power: 20 mW, scan rate: 0.1 nmrs. Optical resolu-
tion 3 nm. For comparison the TyS spectrum of Fig. 4, at
 .720MHz, is shown marks connected by line normalized at the
maximum of the bleaching at about 700nm of the spectrum of
thylakoids.
broken membranes makes it very difficult to have
correct spectra. Nevertheless the TyS spectrum ob-
 .tained resembles a great deal that of Fig. 4 b .
TyS spectrum was also taken at 992 MHz and it
was identical to the one we have detected in PSII
w x  .particles 10 Fig. 9 , thus confirming the contribu-
tion of P680 triplet to the ODMR spectra of reduced
thylakoids.
4. Discussion
4.1. The P700 triplet state
Decomposition of the FDMR and ADMR spectra
into a sum of gaussian curves requires at least two
< < < < < < < <components for both the D q E and D y E transi-
tions. In Fig. 10 an example is shown for the FDMR
transitions of PSI-200. As the two components are
present in all our preparations and behave in the same
way under illumination at low temperature and under
dark adaptation at temperatures higher than 50 K,
they cannot derive from alteration of the sample due
to the isolation procedure. Table 1 shows the parame-
ters used in the fittings for all the preparations the
relative amplitudes of the two components are not
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Fig. 10. Examples of decomposition into gaussians of FDMR
< < < <transitions at 740nm of PSI-200 particles. Left: D y E transition
of particles reduced and pre-illuminated at room temperature for
< < < <5 min, after 30 min of measuring light at 1.8 K. Right: D q E
transition of degraded particles. Parameters of decomposition are
reported in Table 1.
indicated since they depend on the ‘history’ of the
. < < < <samples . The frequencies of the D q E transitions
and the correspondence with a particular component
< < < <in the D y E transitions have been found with the
help of double resonance experiments. The ZFS of
 .the two triplets see Table 1 differ only a few
 . < <percen t being : trip le t 1 T 1 : D s
y1 < <0.0276 " 0.0001 cm E s 0.00372 " 0.00007
y1  . < < y1cm , triplet 2 T2 : D s 0.0281 " 0.0001 cm
< < y1E s 0.00363 " 0.00004 cm .
The procedure of degradation of the PSI-200 sam-
ples, leads to the broadening of the transitions, to the
< < < <shift toward higher frequencies of the D q E transi-
tions and to the increase of the ZFS parameters T1:
< < y1 < <D s 0.0278 " 0.0001 cm E s 0.00390 "
y1 < < y1 < <0.00007 cm , T2: D s 0.0282 " 0.0001 cm E
y1.s 0.00375 " 0.00004 cm .
The assignment of the observed triplet states to
P700 is justified by the fact that the triplet yield
increases under reduction by dithionite and pre-il-
lumination of the samples as expected for the primary
donor triplet state, due to inactivation of the sec-
w xondary acceptor 18 , and by the fact that the ZFS
parameters are very close to the ones found in chloro-
w xplasts and digitonin particles by EPR 3 as well as in
w x w xCP1 particles by FDMR 17 and ADMR 9,16 and
assigned to P700 triplet state. Moreover the main
bleaching of the TyS spectra is centred at about
700 nm. Thawing the sample and freezing it again
after dark adaptation at 273 K for 1 h, makes the
sample retain 70% of its capability to give the recom-
bination triplet upon illumination at low temperature.
This shows that most of the centers have undergone
w xirreversible double reduction of the quinone 18 .
The observed presence of two slightly different
P700 triplet states in all the samples could be due to
the freezing of the reaction center in two different
conformations, however the increasing of triplet T2
after prolonged illumination at very low temperature
 .1.7 K and the decreasing of the same after dark
adaptation at temperature ) 50 K, seems to suggest
that a fraction of reaction centers can still undergo
photo-processes which induce an increasing of the
Table 1
2 2Fit parameters of a Gaussian deconvolution of FDMR transitions into two components: ys A exp y nyF rW ; the amplitudes .i i i i
A are not reported as they depend on the ‘history’ of the samplesi
y1 y1 .  . < <  . < <  .Samples Triplet F MHz W MHz D cm E cm
< < < < < < < < < < < < < < < <D y E D q E D y E D q E
PSI-200 1 715.5 942.5 11 12 0.0276 0.00379
2 732 952 9.5 11 0.0281 0.00367
Thylakoids 1 719 940 10 10 0.0277 0.00369
2 736 951 8.5 9 0.0281 0.00359
Leaves 1 717 940 10 10 0.0276 0.00372
2 732 951 8.5 9 0.0281 0.00365
Degraded 1 717 951 14 14 0.0278 0.00390
PSI-200 2 733 958 12 12 0.0282 0.00375
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triplet yield. It is possible that in the period of strong
background illumination at room temperature the
complete double reduction and protonation of A is1
not reached in our experimental conditions, giving
rise to different behaviours at 1.7 K. Alternatively,
the reduction of F in a fraction of centers which arex
frozen in an oxidized F state could induce a ‘change’x
in the state of the centers which favours the triplet
recombination process to T2. Indeed according to
w x18 , samples having double reduced quinone are still
able to photoreduce F at low temperature.x
When pre-reduced samples are illuminated at 220 K
for several minutes and then frozen under illumina-
w xtion, a high triplet yield is obtained as expected 26 ,
but the component at 733 MHz is reduced about
.twice with respect to the maximum value obtained in
samples pre-illuminated at room temperature with
 .strong white light not shown . The shapes of the
TyS spectra obtained at 720 and 733 MHz were the
same as those obtained in the samples pre-illuminated
at room temperature. By this procedure, according to
w x26 , a higher number of centers having F and A inx 1
the monoreduced state is present. We suggest then
that the T2 triplet formation is somewhat correlated
to the reduction of F at low temperature. An indirectx
effect of the redox state of F which could modify thex
w xprotein environment has been proposed already 18 .
Recombination between P700q and Fy takes placex
in a millisecond time scale at low temperature, how-
ever it is possible that the protein needs the tempera-
 .ture to be raised up to 50 K for relaxation. This
protein modification could be responsible for the
observed shifts in the ODMR and in the TyS
spectra of P700 triplet state. We like to point out that
the slight difference in the ZFS parameters of T1 and
T2 makes it impossible to distinguish them by EPR
and then to correlate their ratio to the reduction of
secondary acceptors.
In untreated samples and leaves a very small, but
still detectable by ODMR, probability to populate the
recombination triplet state is observed; prolonged
illumination, at low temperature, increases the popu-
lation of triplet T2. In samples which have been
reduced by dithionite and frozen in the dark, we
observed an initial increasing of both T1 and T2 upon
illumination at 1.7 K, the final value being 25% of
the triplet yield in pre-illuminated samples. The triplet
formation in these two latter cases is not surprising as
heterogeneity in the photochemistry and recombina-
tion processes of PSI reaction centers at low tempera-
ture, in partially reduced states, has been reported
w xalready 5,26–28 . The increasing of T1 component
 .about 10% of the initial value , in reduced samples,
seems to indicate that photoaccumulation of reduced
secondary acceptors is still possible at 1.7 K, even
though at a small extent, and that slow reduction of
P700q in the presence of dithionite at very low
temperature can take place in a small fraction of
reaction centers. It is possible that some endogenous
donor is involved. The increase of T2 component in
reduced and untreated samples is then probably due
to the same mechanism as that suggested for pre-il-
luminated samples. It is unlikely that the signals
observed in untreated samples and in reduced sam-
ples frozen in the dark have a different origin, that is
from antenna chlorophylls, with respect to the signals
observed in samples which have been pre-reduced
and pre-illuminated at high temperature. The ZFS
parameters have indeed the same values and the two
observed components behave in the same way upon
illumination at low temperature. It is worthwhile to
remark that these effects are quite limited in un-
treated samples and concern then a very small frac-
tion of reaction centers.
4.2. FDMR of P700 triplet state
The intactness of the photosystem I in our prepara-
tions is also proved by the energy transfer occurring
among the P700 molecules and the chlorophylls of
the antenna pools fluorescing at different wavelength
in the range 680–760 nm which allows to detect
FDMR signals of P700 triplet at any wavelength in
the fluorescence band. Many models of energy migra-
tion in PSI have been proposed both at high and low
temperatures. Very long wavelength absorbing pig-
 .ments C716 have been identified in the LHCI com-
plex which are responsible for the fluorescence emis-
sion at 735 nm. Other long wavelength pigments
 .C708 seem to be located in the core antenna and to
fluoresce at 720 nm. The bulk antenna has an emis-
sion centred at 685–690 nm. For a recent review on
w x .the energy transfer on PSI see 29 .
If singlet energy transfer connects all the different
pools and at least one of them to P700 it would be
possible to detect P700 triplet state by FDMR at any
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wavelength in the emission band. In this case the sign
of the FDMR signals depends on the global energy
transfer kinetic in which the triplet state and the
emitting species are involved. On the basis of the
w xresults reported by den Blanken and Hoff 9 , and
confirmed in this work, the magnetic resonance in
zero field of P700 induces a decrease of triplet
population so that if P700 triplet could be detected by
P700 fluorescence directly it would have positive
FDMR transitions. However as P700 has no de-
tectable fluorescence, its triplet state can be observed
in FDMR only via the fluorescence of the antenna
chlorophylls. It has been shown that an inversion of
FDMR transitions take place when an ‘acceptor’
triplet is observed by monitoring the ‘donor’ fluores-
cence, while the sign is the same if the fluorescence
comes from a low energy laying ‘‘acceptor’’ species
w x17,30,31 . The model for energy transfer in CP1 at
w x4.2 K proposed by Searle 17 must be modified in
PS-200 particles and thylakoids because in the latter
cases the main LHCI complex is also present. It is
likely that the P700 is not directly connected by
energy transfer to the chlorophylls belonging to LHCI
and having an emission band centred at 735 nm,
however the different antenna pools are all connected
to each other as suggested by the model of Van
w xGrondelle 29 , on the basis of time resolved optical
experiments. Reverse energy transfer from low to
higher energy laying antenna chlorophylls can be
 .neglected in view of the very low temperature 1.7 K
at which our experiments have been performed. As in
w x17 we found a positive sign of the FDMR transi-
 .tions at long detection wavelength 720 nm and a
 .negative sign at shorter wavelength 690 nm . More-
over we also found that the FDMR signal is positive
even at 735 nm. This means that the F735 pool either
is connected to P700, but this is unlikely to occur as
the F735 pigments are located in the peripheral an-
tenna, or they are connected to the F720 pigments. In
fact if the pigments emitting at 735 nm were not
connected to the F720 pool but only to the bulk
antenna chlorophylls, we should observe a negative
FDMR signal at 735 nm in contrast with the experi-
ments.
Localization of excitations in PSI upon lowering
the temperature, observed using time resolved absorp-
w xtion and fluorescence spectroscopy 32,33 makes the
formation of antenna chlorophyll triplet states likely
to occur. However antenna triplet states have not
been detected in significant amount in our PSI prepa-
ration. In fact we observed triplets having the same
ZFS in all our samples, only the yield being changed,
depending on the experimental conditions: we de-
tected an increase of yield of the observed triplet
states when going from the untreated samples to the
pre-reduced and pre-illuminated samples. Antenna
triplet formation, under illumination at low tempera-
w xture, has been reported previously 28 only in small
PSI particles and in high yield when the samples
were untreated, in smaller yield when the sample
were pre-reduced by dithionite and no antenna triplet
formation was detected in reduced samples frozen
under illumination. On the other hand only
carotenoids triplets among the antenna pigments have
been reported in choroplasts and digitonin particles
w x3 . Carotenoids triplets have been observed by FDMR
 .not shown in all our samples. This suggests that, in
intact PSI, even though triplet states could be trapped,
at very low temperature, by the long wave absorbing
chlorophylls, they are transferred very fast to the
carotenoids and are no detectable in steady state
experiments.
Contamination of ODMR spectra by chlorophyll
antenna triplets is then thought to be unlikely in our
samples; moreover, if present, it was expected to be
much more important on the FDMR spectra com-
pared to ADMR spectra, the latter monitoring the
bulk triplet population. On the contrary no significant
differences in the shape of the transitions as well as
in the resonant frequencies has been found when
detecting the absorption or the fluorescence of the
samples at different wavelengths. Only a small broad-
ening, at the higher frequencies, of the FDMR transi-
tions has been observed when detecting the emission
 .at short wavelength 690 nm , possibly due to a little
population of antenna triplets. In this case, even if
present, it is in such an amount which does not affect
the TyS spectra of P700.
4.3. TyS spectrum of P700
As a consequence of the results described in the
previous sections, the TyS spectra of Fig. 4 ob-
tained in PSI-200 particles may be well considered as
due to ‘intact’ PSI reaction centers. They are well
resolved and present some new features compared to
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w xthose previously published 9,16 . The main bleach-
ings of the TyS spectra are centred at 698–701 nm,
instead of 696 nm as found by den Blanken and Hoff
w x9 , and a shift toward higher energy has been ob-
 .served in degraded samples see Fig. 6 . The TyS
w xspectrum reported by Vrieze et al. 16 shows the
< <main bleaching at 700 nm, however a spread in D
values has been reported and has been ascribed to the
heterogeneity of the primary donor, resulting from
the isolation process. The secondary bleaching at
685 nm seems to be relatively more important in our
spectra especially in PSI-200 particles where higher
resolution has been possible in detecting the signals.
The same is true for the absorption at 682–683 nm.
In contrast with den Blanken and Hoff’s results we
found that the intensity of these two peaks decreases
in degraded samples, instead of increasing, likely
owing to the broadening of the absorption bands
andror to changes in the mutual orientation of the
pigments. As we stated above, our TyS spectrum
has been obtained in a native sample, so that we give
particular relevance to the information contained and
concerning the interactions among pigments and P700
into the reaction center. Moreover our spectrum al-
lows to determine the minimum number of bands
which must be taken into account when discussing
such interactions. It is then worthwhile to reconsider
the analogy with the TyS spectra of the bacterial
w x w xreaction centers 6 proposed by Vrieze and Hoff 16 .
We need at least six components for the fitting of the
TyS spectrum at 720 MHz with gaussian curves:
 .three negative and three positive see Table 2 . In the
fit the component at 685.9 nm is the narrowest and
has a relative amplitude which is bigger than every
positive component. It is even possible to obtain a
fitting curve having two opposite narrow bands with
the same width and intensity if one extra negative
 .component at 685.7 nm is added see Table 2 . Very
similar deconvolutions into gaussians curves have
been obtained for TyS spectra taken at 733 MHz,
only small shifts of the bands being present.
The TyS spectrum of P700 has been interpreted
w xpreviously by den Blanken and Hoff 9 ascribing the
bleachings at about 700 nm and at 650 nm as due to
the absorption bands of the P700 dimer, the appear-
ing band at 674 nm as due to the singlet absorption of
half of the dimer after localization of the triplet state
in the other. The possibility that the bleaching at
Table 2
Fit parameters of a Gaussian deconvolution into six components
 .  .upper part and seven components bottom part , of the TyS
spectrum of PSI-200 particles in the 660–710nm region. Ampli-
tudes are relative values to the 14255cmy1 component
No. Components Width Amplitude
y1 y1w xcm l nm cm
1 14255 701.5 130 y1.00
2 14430 693.0 67 q0.24
3 14580 685.9 37 y1.00
4 14625 683.7 50 q0.50
5 14800 675.6 60 y0.17
6 14820 674.7 95 q0.23
1 14255 701.5 128 y1.00
2 14440 692.5 85 q0.20
3 14582 685.7 60 y0.25
4 14592 685.3 42 y1.06
5 14618 684.1 42 q1.03
6 14785 676.4 57 y0.19
7 14810 675.2 110 q0.22
685 nm could be due to the absorption of an acces-
sory chlorophyll has been mentioned by the authors,
but the spectrum did not allow them to individuate
clearly the shift of such a band upon P700 triplet
formation.
w xRecently J. Vrieze 16 has taken the LD-ADMR
spectrum of P700 in CP1 particles and has compared
it to the LD-ADMR spectrum of Chla in vitro; since
the spectra are not well resolved they resemble our
.spectra taken in degraded samples , the results con-
cerning the relative orientation of the individual opti-
cal transition moments of some bands are ambiguous.
Vrieze et al. found some evidence that the triplet state
is localized on a single Chla molecule and that the
band at 674 nm cannot be assigned to the monomer
absorption of one half of the P700 dimer after local-
ization of the triplet state in the other half. The band
is suggested to be due to a shift of a Chla molecule
relatively strongly coupled to the Q transition of they
triplet-carrying molecule of P700, however, the band
is broad in the spectrum and it does not allow to
individuate the negative band undergoing the shift. In
our TyS spectrum the band centred at 674 nm is
much less intense and more resolved, suggesting the
presence of a negative band at its red side around
.675–676 nm: see Table 2 . Finally there is no evi-
dence for a high-energy exciton component in TyS
w xspectrum of Ref. 16 , while the hypothesis of the
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assignment of the 644 nm band to the high-energy
w xexciton component, proposed in Ref. 9 has been
ruled out. It is interesting to note in this contest, that
our TyS spectrum has been simulated with one or
two extra negative components at about 676 nm and
.at 685.7 nm with respect to the decomposition pro-
˚posed by Vrieze et al. From the X-ray structure at 4 A
w x20 , it seems likely that we have a situation similar
to the one present in the purple bacteria: the relative
center-to-center distances among the two chloro-
phylls making up the dimer and the ‘accessory’
chlorophylls and the distances between the two halves
˚ .of the dimer are comparable 7.5–12 A , so that the
absorption in the 660–690 nm region could be com-
posed of the Q absorption of the accessory chloro-y
phylls with a contribution of the high-energy exciton
absorption of the P700 dimer as in the case of purple
bacteria. In principle it is possible that the bands at
684.1 nm and at 675.2 nm of the TyS spectrum see
.decomposition in Table 2 are mainly due to band
shifts of the accessory chlorophylls absorption at
685.3 and 676.4 nm toward higher energies, arising
from a change in interaction with P700 upon P700
triplet formation, while the small band at 685.7 nm,
resulting from the fitting with seven components,
could be the high energy exciton component of the
dimer. This low intensity band is largely overlapping
with the band at 685.3 nm and could have escaped the
detection in the previously published spectra, even in
w xthe LD-ADMR 16 , for the reasons stated above
concerning the effects on the spectra due to the
isolation procedure. Then, the band at 693 nm should
be assigned to the singlet–singlet absorption of the
half of the dimer which does not carry the triplet
state: we note however that the intensity of this band
is very low much less than a half of the 700 nm
.band probably suggesting that, as in the case of
w xpurple bacteria 8 it is not a pure monomer band. Of
course there is no way to choose among different
possibilities until LD-ADMR of ‘intact’ PSI particles
is available and the structural data are refined to
higher resolution. Nevertheless it is possible to esti-
mate the exciton splitting in the hypothesis that the
point dipole–dipole approximation holds and assum-
ing for the P700 dimer a conformation similar to the
one observed in bacterial reaction centers while tak-
ing into account that the center to center distance is
˚about 7.5 A. We scaled the value found for the
 y1. w xbacterial Viridis 1800 cm 34 , where the inter-
˚center distance is 7 A, assuming a dipole strength of
2  .about 17 D for the Q 0,0 transition of Chla. They
values of the splitting calculated varying the angle
between the two transition moment of the monomers
from 90 to 1508 note that this angle is 140 for the
.bacterial dimers and varying the angle between the
porphyrin planes from 0 to 458, are in the range
500–600 cmy1. However as the overlap of the aro-
w xmatic planes is marginal 20 compared to the bacte-
rial RC dimer, this is probably an overestimation. It
means that, from the point of view of the energy, any
of the three bands observed on the fittings as bleach-
ing could be either the pure high-energy band of the
P700 dimer or a band due to interaction between the
transition moment of the high energy transition of the
dimer and the transition moment of the accessory
chlorophylls. The energy splitting of P700 would be,
w xin this case, bigger than that estimated for P680 10 .
Site effects could be also important on determining
the energy of the transitions of the primary donor.
Finally, we also mention the possibility to consider
the features of the two opposite bands at 685.3 and
684.1 nm as ‘peculiar’ of PSI reaction centers. It is
known that the primary acceptor is also a chlorophyll
molecule and time resolved spectroscopy indicates
that the reduction of A induces a rather large ab-0
sorption bleaching around 685–690 nm. Its main ab-
 .sorption Q band is calculated to be at about 690–y
w x693 nm 35,36 ; the possibility that the band at
685.3 nm in the TyS spectrum is due to the primary
donor is then unlikely to occur. Moreover a direct
strong coupling between the primary donor and the
primary acceptor is not expected in view of the their
˚ .large separation 20 A . This argument has been used
w xin Ref 16 to discuss the assignment of the band
observed at 687 nm and it was concluded that the
primary acceptor is directly responsible only for a
small feature at 665 nm. In our TyS spectra there is
no evidence for such a particular feature at 665 nm
even though small negative bands are present be-
tween 630–670 nm probably mainly due to vibronic
transitions. On the other hand, several antenna
chlorophylls are located around the reaction center,
linked to the same protein; the nearest antenna
˚chlorophyll is separated from P700 by 20 A, while it
is closer to the accessory and primary acceptor
w xchlorophylls 20 . So even in this case, a direct strong
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coupling with P700 is unlikely to take place, and a
shift of the absorption band of this antenna chloro-
phyll should be induced by the shift of the absorption
bands undergone by the accessory chorophyll close to
it, when P700 changes its electronic state from singlet
to triplet.
5. Conclusions
We have shown in this paper that the P700 triplet,
when detected in large PSI particles, is a good probe
for studying either the energy transfer processes
among the antenna pigments and the reaction center,
by FDMR experiments, or the interactions among
pigments in the reaction center, by the analysis of the
microwaves induced TyS spectra. Preparations hav-
ing smaller antenna size do not allow to get complete
and reliable information on such interactions. We
found that the TyS spectra of our degraded samples,
loose structure probably due to a broadening of the
single bands andror to changes on mutual orientation
and interactions among pigments. Something similar
is likely to happen to the smaller preparations due to
the isolation procedure.
The analysis of the TyS spectrum of large PSI
particles has been done in terms of deconvolution
with gaussian bands. At least six bands are necessary
to fit the data in the Q absorption region of chloro-y
phylls. Contribution to the spectrum by the accessory
chlorophylls and by core antenna chlorophylls is
discussed on the base of the X-ray structure. LD-
ADMR experiments, with the aim of finding the
directions of the transition moments of the single
bands of the TyS spectra of ‘native’ PSI reaction
centers, must be performed to correlate the spectra to
the reaction center structure and to support the anal-
w xogy, previously proposed 16 and suggested also by
the analysis of our data, with the TyS spectra of
purple bacteria.
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